Introduction
The innate immune system, which acts against microbial assault, consists of several distinct components. Cytokines are important effector molecules which contribute immensely to host immunity by inhibiting and/or eliminating invading pathogens and promoting tissue repair. They are produced through recognition of microbial danger signals by pattern recognition receptors that are commonly found on the surface of innate immune cells such as monocytes and macrophages [1] . Among the pattern recognition receptors, Toll-like receptors (TLRs) act as major sensors for generating the inflammatory network [2] .
Tumor necrosis factor (TNF)-α and interleukin (IL)-1β are two of the most potent initial cytokines secreted during innate immune activation by TLR ligand stimulation. IL-1β is stimulated by inflammatory TNF-α or IL-1β itself in many cell types [3, 4] . Blood monocytes, tissue macrophages and dendritic cells are the main source of IL-1β; however, it is also produced by natural killer cells and B lymphocytes. Before its secretion, the inactive pro-IL-1β is processed by IL-1β-converting enzyme (caspase-1), leading to its maturation [4] [5] [6] . Upon secretion, IL-1β produces signals for IL-1 receptor type I (IL-1RI), forming a heterodimer with a second transmembrane molecule, the IL-1R accessory protein (IL-1RAcP). Members of the TLR and IL-1R families possess a common 200-amino acid region in their cytoplasmic tails called the Toll-IL-1R (TIR) domain, which plays an important role in transducing the signals through this receptor [7] . The cytosolic Toll/TIR domain binds and recruits adaptor molecules that eventually activate many specific transcription factors. Thus, IL-1β signaling induces the activation of NF-κB, AP-1 (activator protein-1) and JNK pathways by recruiting MyD88, IL-1R-associated kinases (IRAK1, IRAK2 and IRAK4), TNFR-associated factor 6 (TRAF6) and TGF-β-activated kinase. The nuclear translocated (activated) NF-κB causes transcription of various proinflammatory genes, which together orchestrate the early response for the elimination of infections or sterile insults, subsequent repair and the shaping of adaptive immunity [8, 9] . Although an immediate and transient activation of NF-κB is important for the normal physiological response to pathogens, uncontrolled synthesis and release of cytokines is implicated in the pathogenesis of various diseases including, but not limited to, type 1 and type 2 diabetes, atherosclerosis, metabolic syndrome, neuroinflammatory diseases and inflammatory bowel disease [3, 4, 10] . The overwhelming production of IL-1β also causes tissue injury by the continuous infiltration of leukocytes to the site of infection. In order to avoid such immunopathology and to prevent the onset of autoimmune and/or inflammatory disorders, IL-1β production needs to be tightly regulated in a timely manner by a number of endogenous and/or inducible genes [11] [12] [13] [14] [15] . Further studies are thus needed to examine the critical role of such genes that can limit the magnitude and duration of the inflammatory response by regulating IL-1 signaling.
MicroRNAs (miRNAs) are important regulators of gene expression essential for many biological processes, ranging from embryonic development, organogenesis and human inflammatory diseases [16] , most importantly those in the mammalian immune system [17, 18] . During innate immune activation, a few miRNAs are expressed in response to cognate TLR ligands, with a consensus emerging that miRNA-146a (miR-146a), miR-132, miR-155 and miR-21 are important to regulate the activation of the inflammatory cascade in myeloid cells [11, 12, [19] [20] [21] . Of note, miR-146a and miR-132 are central for TLR4 and TLR2 signaling, respectively [11, 12] . There are reports that inflammatory cytokines markedly increase the expression of miR-146a and miR-155 in various cell types [22] [23] [24] . Notably, miR-146a expression is induced by TNF-α and IL-1β, implying its broader impact in immunity [22, 25] . Along this line, prior studies have shown that NF-κB-dependent miR-146a induction is critical for innate immunity because of its important molecular targets, which include adaptor kinases [11, 22, 26] .
IRAK1/2 and TRAF6 are two important signaling adaptor kinases downstream of TLR (except for TLR3) signal transduction. Through TLR activation, these adaptor kinases promote inflammation which is sustained by inflammatory cytokines or chemokines. To understand the pleiotropic effect of these mediators is an ongoing major focus of innate immunity research. The TLR4 signaling cascade has been profoundly studied in terms of endotoxin tolerance [11, 14] . Endotoxin tolerance is defined as a state of hyporesponsiveness to lipopolysaccharide (LPS) stimulation after an earlier exposure and is important in preventing overproduction of the immune response to the invading pathogen.
In parallel to LPS tolerance, IL-1β-induced tolerance has been studied both in vitro and in vivo [25, 27] ; however, its mechanism and beneficial significance are poorly understood in terms of the role of miRNA. Our recent reports have shown that miR-146a is critical for LPS-induced tolerance [11] and cross-tolerance [14] in monocytic cells by repressing IRAK1 and TRAF6 adaptor molecules. IRAK1 and TRAF6 are also identified as the major adaptor kinases in the IL-1β signaling pathway [11, 22] . Due to sharing of the same adaptor molecules, miR-146a appears to have a regulatory effect on IL-1β signaling. We hypothesize that overactive IL-1β signaling can be controlled through the tolerance mechanism provided by the action of miR-146a. The aim of this study was to investigate the effect of sustained miR-146a expression in IL-1β-primed monocytic cells on the subsequent release of mediators, using a similar experimental LPS tolerance setup as in previous studies [11, 14] . Our findings highlight the importance of investigating the role of miR-146a in inducing tolerance in IL-1β primed monocytes and in modulating innate immunity to prevent excessive inflammation and tissue injury caused by microbial infection.
Materials and Methods

Cell Culture and Stimulation with Cytokines and TLR Ligands
Human THP-1 cells, an undifferentiated monocytic cell line, were obtained from the American Type Culture Collection (Manassas, Va., USA). Cells were maintained by twice weekly passage in RPMI 1640 medium supplemented with 25 m M HEPES and L -glutamine (BioWhittaker, Walkersville, Md., USA), 10% FBS (Mediatech, Manassas, Va., USA) and 100 U/ml penicillinstreptomycin (Mediatech) at 37 ° C with 5% CO 2 . Log-phase cells were used in all experiments and cultured at a density of 10 6 cells/ ml with a viability of >99%. To determine the kinetics of cytokine-induced miRNA expression, fresh THP-1 monocytes were suspended in complete RPMI 1640 culture medium and seeded at 10 6 cells/ml. THP-1 cells were stimulated with the following human cytokines: TNF-α (10 ng/ml), IL-1β (50 ng/ml), interferon (IFN)-α (10 ng/ml), IL-8 (10 ng/ml) and IL-6 (10 ng/ml) (BD Biosciences, Franklin Lakes, N.J., USA) for 8 or 24 h. Highly purified Salmonella enterica serotype Minnesota LPS (100 ng/ml) stimulation was used as a positive control [11] . In other studies, A549 lung epithelial cells (nonresponsive to LPS) were used instead of THP-1 cells and were treated with IL-1β (0.01 to 1 ng/ ml) or LPS (100 ng/ml) for 3, 6, 12 or 24 h. Mouse macrophages were from 3-month-old female C57BL/6 mice, which had been intraperitoneally injected with 0.5 ml of 4% sodium thioglycollate 3 days earlier as described [14] . Peritoneal cells (approx. 90% macrophages) were harvested by lavage of the peritoneal cavity, and were then grown in supplemented DMEM. Mouse macrophages were treated with IL-1β (100 ng/ml) for 24 h. Cytokine stocks were prepared in tissue culture-grade PBS and preserved at − 80 ° C until use. Cells were harvested and pellets were washed in PBS followed by flash freezing and stored at − 80 ° C for total RNA isolation and subsequent analysis. Human peripheral blood mononuclear cells (Precision Bioservices, Md., USA) were used for monocyte preparation using an EasySep TM human monocyte enrichment kit without CD16 depletion (Stem Cell Technologies, B.C., Canada).
In vitro Induction of IL-1β Tolerance
An IL-1β-induced tolerance cell model using THP-1 cells was adapted from methods described previously [27] with some minor modifications. Briefly, log-phase THP-1 cells were transferred to fresh complete medium in new 5-or 25-ml flasks at 5 × 10 5 cells/ml. Cells were incubated with IL-1β (50 or 100 ng/ ml) for 18 h. After two washes with tissue culture-grade PBS, cells in complete culture medium (10 6 cells/ml) alone (untolerized negative control) or with the same or different inflammatory stimulators such as LPS (1,000 ng/ml), peptidoglycan (PGN, 500 ng/ml), Pam 3 CSK 4 (Pam, 100 ng/ml) and flagellin (100 ng/ml) were cultured in a 24-well plate. Similarly, to observe the IL-1β-induced tolerance efficiency in primary cells, mouse peritoneal macrophages and human monocytes were primed with IL-1β (100 ng/ml) in 24-well plates followed by washing and challenged with LPS, PGN or Pam. After incubation for 5 or 24 h (37 ° C and 5% CO 2 ), supernatants were harvested by centrifugation (1,500 g at 4 ° C for 5 min) and immediately stored at − 80 ° C until assayed for the release of mediators (TNF-α, IL-8 or RANTES). The cell pellets were washed in PBS, followed by flash-freezing, and were stored at − 80 ° C for total RNA isolation.
Quantification of miRNA and mRNA Expression Levels by qRT-PCR
Total RNA of cytokine-treated THP-1 cells or A549 cells were isolated using the mirVana Total RNA isolation kit (Life Technologies) following the manufacturer's protocol. RNA yield and purity were determined using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technology, Wilmington, Del., USA). Quantification of mature miRNA expression was performed using the TaqMan qRT-PCR as described [11, [28] [29] [30] . Equal amounts of each RNA (6.7 ng for miRNA and 33 ng for mRNA) were used for quantitative real-time RT-PCR (qRT-PCR) analysis. For mRNA analysis, a high-capacity cDNA RT kit (Applied Biosystems) and TaqMan mRNA assay primers for mRNA expression were used. The cycle threshold values, corresponding to the PCR cycle number at which fluorescence emission reaches a threshold above baseline emission, were determined. miRNA expression values were calculated using RNU44 as an endogenous control (Applied Biosystems) following the 2 − ΔΔ Ct method [31] . mRNA expression values were quantified in the same way after normalization to mammalian 18S rRNA as previously described [11, 12, 14] .
Transfection Assay miR-146a functional analyses were performed using synthetic miR-146a-mimic and miR-146a inhibitor (anti-miRNA inhibitor) transfection as described [11] . One day before the transfection, THP-1 cells were transferred to fresh culture medium at a concentration of 5 × 10 5 cells/ml. The following day, THP-1 cells adjusted to 5 × 10 5 cells/well were transfected with 100 n M of miR-146a-mimic or inhibitor using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. MiR-146a-mimictransfected THP-1 cells were incubated for 24 h, followed by washing twice with complete growth medium. The washed cells were treated with LPS, PGN or IL-1β for 5 or 24 h. For miR-146a inhibitor experiments, transfected THP-1 cells were incubated for 24 h, followed by washing with complete growth medium. Cells were then challenged with various ligands for 5 or 24 h. Similarly, A549 cells were transfected with 100 n M miR-146a-mimic or miR-146a inhibitor followed by IL-1β (100 ng/ml) treatment. Supernatants from the cell cultures were collected and assayed for mediator release and cell pellets were used for RNA isolation and qRT-PCR analysis.
Enzyme-Linked Immunosorbent Assay
Supernatants were collected from cell cultures at different time points after stimulation with various concentrations of stimulators such as cytokines and LPS. Secreted TNF-α, IL-8 (Opt EIA kit) and RANTES (R&D systems) proteins in supernatants were measured by ELISA. Absorbance was measured at 405 nm using a microplate reader (Model 680, Bio-Rad). A 405 was converted into concentrations using standard curves of the respective recombinant human proteins as previously reported [11] .
Western Blot Analysis
Preparation of cell lysates and Western blot analysis were modified from our previous publications [11, 32, 33] . IL-1β-primed and unprimed THP-1 cells (5 × 10 dine, 5 m M para -nitrophenyl phosphate, 1 m M DTT, 1 m M PMSF and complete protease inhibitor mixture from Roche Diagnostic, Indianapolis, Ind., USA). Supernatants were collected after centrifugation at 13,000 rpm for 20 min at 4 ° C. Similarly, A549 cell lysates were prepared after 3, 6 or 24 h of IL-1β (1 ng/ml) treatment. miR-146a-mimic-or miR-146a inhibitor-transfected cell lysate was also prepared. Protein concentration in the soluble lysates was quantitated using a Bio-Rad protein assay kit (Bradford), separated by SDS-PAGE (10% acrylamide; Bio-Rad) along with Precision Plus Protein standards (Bio-Rad), and electrotransferred to a nitrocellulose membrane (Bio-Rad). The membranes were blocked for 1 h at room temperature or overnight at 4 ° C with 5% nonfat milk in PBS/0.05% Tween 20 (PBS-T), and were probed with primary rabbit anti-IRAK1 (1: 300) or anti-TRAF6 (1: 300) antibody (Santa Cruz Biotechnology, Santa Cruz, Calif., USA). The membranes were washed 3 times with PBS-T and incubated for 1 h with goat anti-rabbit IgG-HRP at a concentration of 1: 5,000 (Southern Biotech, Birmingham, Ala., USA). After washing in PBS-T, reactive protein bands were visualized by SuperSignal Pico chemiluminescent reagent (Pierce, Rockford, Ill., USA). As a loading control, tubulin was blotted with mouse anti-tubulin monoclonal antibodies (1: 5,000; Sigma-Aldrich, St. Louis, Mo., USA). Semi-quantitative analyses of band intensities were performed using ImageJ software (http://rsbweb.nih.gov/ij/) normalized to tubulin.
Statistical Analysis
Data are presented in the figures as mean ± SE. Student's t test (two-tailed) was used to compare data between groups, except where mentioned otherwise. Prism for Windows version 6.0 (GraphPad Software, San Diego, Calif., USA) was used, and p < 0.05 was considered statistically significant.
Results
Proinflammatory Cytokine-Induced miR-146a Expression in Innate Immune Cells
The MyD88-dependent TLR signaling cascade plays a defensive role in the host innate immune system by producing various proinflammatory cytokines. Simultaneously, certain TLR signaling-associated miRNAs are involved in immunoregulatory processes [34, 35] . TLR4 ligand (LPS)-induced miR-146a is important in innate immunity for regulating adaptor kinases that are responsible for NF-κB activation. Additionally, a few other TLR ligand-induced miRNAs (miR-132/212, miR-155 and miR-21) have been reported to affect the immune system [12, 13] . In contrast, very few cytokines have been reported to induce immunoregulatory miRNA [14, 22] . Considering that miRNA expression can be affected by the binding of various TLR ligands, we were interested in evaluating the capacity of a range of cytokines to induce the production of specific miRNA that we previously reported to be of relevance to the innate immune response [12, 13] .
In this study, the expression kinetics of miR-146a, miR-155, miR-132/-212, miR-21 and miR-16 were investigated in THP-1 monocytes in response to treatment with common cytokines such as TNF-α, IL-1β, IFN-α, IL-8 and IL-6 ( fig. 1 a-c) . The fold changes in miRNA ex- pression were calculated by comparing the value of cytokine-treated cells to that of untreated cells cultured in parallel. Among these cytokines, only TNF-α and IL-1β induced a significant (p < 0.01) increase in miR-146a expression from 8-to 10-fold at 8 h up to 12-to 14-fold at 24 h; this pattern is analogous to that observed in LPSstimulated monocytes ( fig. 1 a) . A similar pattern of miR146a expression was observed previously at the 8-hour time point [14, 22] . In contrast, miR-132, miR-155 ( fig. 1 b, c) , miR-16, miR-212 and miR-21 did not show significant changes after treatment with the tested cytokines at 8 or 24 h (data not shown). In addition to miR146a, LPS also induced the production of miR-132, but not miR-155, in THP-1 cells [12] . Primary mouse peritoneal macrophages were also examined for miR-146a expression after IL-1β or TNF-α stimulation. As expected, miR-146a showed a continual increase up to 14-fold and 15-fold 24 h after TNF-α and IL-1β stimulation, respectively (data not shown). Unlike TNF-α, IL-1β receptor signaling uses cytosolic Toll/IL-1R domain and IRAK1 and TRAF6 adaptor molecules (miR-146a targets) to activate and amplify transcription for proinflammatory cytokines. In order to advance our understanding of the dynamic nature of IL-1β-induced miR-146a, we focused on its biological significance in the subsequent experiments.
miR-146a May Account for IL-1β-Induced Self-and Cross-Tolerance to a Panel of Innate Immune Ligands
Taking into account our previous findings that the expression of miR-146a was critical for low-dose LPS-induced refractoriness to a high dose of LPS [11] , we investigated whether IL-1β, an early LPS-induced cytokine, could induce an LPS-tolerant state. Although IL-1β stimulation in human peripheral blood mononuclear cells is known to induce TNF-α production [36] , IL-1β does not induce TNF-α production in naïve THP-1 cells [25] . So IL-1β -induced homologous tolerance has been studied based on the reduction of the release of chemokines such as IL-8 and RANTES. The low production of proinflammatory cytokines, including TNF-α, is a characteristic of tolerance to endotoxins, so we evaluated cross-tolerance via the production of TNF-α in IL-1β-primed monocytes in response to a challenge dose of LPS, PGN, Pam or flagellin. The ability of IL-1β to induce homologous (self-) and heterologous (cross-) tolerance to a panel of bacterial ligands was observed using the THP-1 cell model system ( fig. 2 a-d) . THP-1 cells were primed with IL-1β (50 ng/ml) for 18 h, followed by challenge with various inflammatory ligands. After 5 h of incubation with LPS, PGN, Pam, flagellin or IL-Iβ, levels of cytokine release were analyzed compared to untolerized controls. TNF-α levels decreased significantly by 40.9-75.6% after secondary challenges with LPS (71.4%), PGN (75.6%), Pam (68.4%) and flagellin (40.9%; fig. 2 a) . These studies are consistent with those previously reported [27] . As expected, TNF-α production was not observed in either unprimed or IL-1β-primed THP-1 cells ( fig. 2 a) . TNF-α mRNA levels, measured by qRT-PCR analysis, were consistent with the changes in protein expression in crosstolerized THP-1 monocytes, and reduction of this TNF-α mRNA was significant when compared with the untolerized control (data not shown). Additionally, IL-1β-primed THP-1 monocytes showed significant reductions in IL-8 ( fig. 2 b) and RANTES ( fig. 2 c) after challenge with LPS, PGN, Pam, flagellin or IL-1β. Having examined the tolerance in IL-1β-primed THP-1 monocytes, we further investigated whether there was any link between miR-146a expression and the observed hyporesponsiveness.
In our previous study, LPS-induced expression of miR146a was shown to remain at a high level, which has been shown to be responsible, in large part, for maintaining tolerance and cross-tolerance [11, 13, 14] . The expression of miR-146a was measured in the tolerized THP-1 cells ( fig. 2 d) . As expected, tolerized cells showed profoundly higher miR-146a expression over 18 h of initial incubation plus 5 h of challenge compared to untolerized cells which were only exposed to 5 h of challenge with the indicated ligands. In contrast, under similar conditions, miR-155 had no change in expression over the same time period in these THP-1 cells (data not shown). IRAK1 and TRAF6 are the known molecular targets of miR-146a [22] , and knockdown of these adaptors in the MyD88 signaling pathway impaired cytokine response [14] . In order to verify the role of miR-146a in IL-1β-induced tolerance, expression of these two adaptors was examined by Immunoblot analysis. IRAK1 and TRAF6 were moderately reduced in IL-1β-tolerized cells ( fig. 2 e) , similar to the previous report [37] .
To extend the investigation of IL-1β-induced tolerance in the THP-1 cell model, primary mouse peritoneal macrophages and human monocytes were also examined for a similar cross-tolerance mechanism with IL-1β. TNF-α production decreased by 40-50% in IL-1β-primed macrophages or monocytes after challenge with LPS, PGN or Pam compared to unprimed controls ( fig. 2 f, h) . As expected, a 5-to 8-fold increase in miR146a expression was observed in the IL-1β-tolerized cells ( fig. 2 g, i) , consistent with its potential role in providing tolerance in primary mouse and human cells. pretation of these results is that miR-146a appears to play an important role in IL-1β-induced tolerance based on the inverse correlation with cytokine or chemokine production and levels of IRAK1 and TRAF6 adaptor molecules.
Higher-Dose IL-1β Priming Renders a Higher Level of miR-146a Expression and More Efficient Suppression of Chemokine Production
In figure 2 , IL-1β-induced cross-tolerance was observed using a low priming dose; this was also reported by other investigators [25, 27] . However, during infection, the host might experience a higher level of IL-1β production, partly due to overactivation of the TLR signaling pathways. In order to better understand the impact of the IL-1β priming dose and related miR-146a expression on tolerance, priming concentrations for THP-1 cells from 100 to 1,000 ng/ml were used, followed by challenge with 100 ng/ml of IL-1β. Priming with 100 ng/ml of IL-1β resulted in a 43.3% decrease in IL-8 and 45% decrease in RANTES production (p < 0.01; fig. 3 a, b) . This reduction increased up to 56.7% for IL-8 and 58.3% for RANTES, with the increase of IL-1β priming concentration to 200 ng/ml. In contrast, priming with 5-10 ng/ml of IL-1β showed little or no induced tolerance (data not shown); this lack of an effect from low-dose IL-1 priming is consistent with that in an earlier report [27] . The dose-dependence of this IL-1β priming effect was also clearly correlated with the reduction of TNF-α after cross-challenge with LPS, PGN or Pam (data not shown), and is similar to previous observations under in vitro and in vivo conditions [27] . A gradual increase of miR-146a up to 13-fold was observed at 200-ng/ml IL-1β priming ( fig. 3 c) and this correlated with efficient tolerance. The relative expression levels of IRAK1, IRAK4 and TRAF6 mRNA were examined at 2, 4, 8 and 24 h after the 1-ng/ml IL-1β challenge ( fig. 3 d) .
Immunoblot analysis confirmed the moderate, gradual reduction in IRAK1 and TRAF6 levels with the increase of priming concentrations from 100 to 200 ng/ml ( fig. 3 e) . The repression of these adaptor molecules reflects the impact of miR-146a on chemokine reduction and IL-1β-induced tolerance or cross-tolerance in a priming dose-dependent manner.
IL-1β-Induced miR-146a Is Largely Responsible for the Inhibition of IRAK1 and TRAF6
Increased expression of miR-146a induced by TLR ligands in monocytes has been previously observed [11, 22] . Other cell types that participate in innate immune response can also be linked to miR-146a expression [38] . In order to rule out the role of LPS, lung epithelial A549 cells were treated with IL-1β or LPS. A549 cells did not show increased miR-146a expression in response to LPS, as expected. In contrast, A549 cells showed a very high level of miR-146a expression (42-fold) in response to 1 ng/ml of IL-1β ( fig. 4 a) , similar to previously observed data [38] . Under similar conditions, miR-132 and miR-155 showed little or no change in expression in response to either LPS or IL-1β ( fig. 4 b, c) . The induction of miR146a expression in A549 cells was observed to be depen- 436 dent on the IL-1β dose (0.01, 0.1, 1.0 and 10 ng/ml) with a dramatic increase of >100-fold with 10 ng/ml of IL-1β at 24 h ( fig. 4 d) . As expected, Western blot analysis showed the IRAK1 protein level to be dramatically reduced from 3 to 24 h after IL-1β stimulation compared to in untreated cells ( fig. 4 e) . The TRAF6 protein level also showed a low-to-moderate reduction in IL-1β-treated monocytes 6-24 h after stimulation ( fig. 4 e) . Given the known relationship between miR-146a and these targets, the reduction of IRAK1 and TRAF6 shown here was probably mediated by the induced miR-146a, and it played a major role in establishing IL-1β-mediated tolerance and limiting the overproduction of cytokines and/or chemokines.
The Upregulation of miR-146a Can Mimic IL-1β Priming to Induce Tolerance
The preceding results demonstrated IL-1β-induced miR-146a expression in THP-1 and A549 cells. This miR146a overexpression correlated with a state of hyporesponsiveness in IL-1β-primed cells against a panel of innate immune ligands ( fig. 2 a-c) . Considering the fact that miR-146a plays a critical role in LPS-induced tolerance [11] and cross-tolerance [14] , we evaluated the direct role of miR-146a in mediating IL-1β-induced tolerance through analysis of data from the transfection of miR-146-mimic or inhibitor. In this regard, THP-1 cells were transfected with 100 n M miR-146a-mimic or inhibitor followed by challenge with a set of TLR ligands. Transfection efficiency was confirmed by an overexpression ( fig. 5 a) or downregulation of mature miR-146a ( fig. 5 c) compared with an untransfected control, as demonstrated in our previous studies [11, 12, 14] . The effect of miR146a overexpression in THP-1 monocytes on the moderate reduction in expression of both adaptors, IRAK1 and TRAF6, was validated by Immunoblot analysis (62 and 79% reduction, respectively; fig. 5 b) . In contrast, THP-1 cells transfected with miR-146a inhibitor and stimulated with IL-1β for 24 h showed moderately elevated levels of IRAK1 and TRAF6 compared to a mock control (5.48 and 2.55 fold increased, respectively; fig. 5 d) . Having confirmed that the target molecules IRAK1 and TRAF6 were affected, cytokine production was evaluated. Compared to a mock-transfected control, IL-8 production was significantly (p < 0.05) reduced in miR-146a-mimic transfected THP-1 cells 24 h after challenge with LPS (42%), PGN (40%) and IL-1β (53%; fig. 5 e) . Similarly, RANTES production was significantly decreased (p < 0.05) in miR-146a-mimic transfected THP-1 cells 24 h after challenge with LPS (31%), PGN (41%) or IL-1β (28%). In contrast, the production of IL-8 and RANTES was increased significantly (p < 0.05) by 37-59% and 21-24%, respectively, in miR-146a inhibitor-transfected cells compared to the mock-transfected control ( fig. 5 e, f) . No significant difference in IL-8 and RANTES was found between the mock control and transfection with commonly used nonspecific miRNA-mimic or miRNA inhibitor (data not shown). Furthermore, similar changes in IL-8 and RANTES levels were observed in A549 cells transfected with miR-146a-mimic or inhibitor and challenged with IL-1β; this supports the role of IL-1β-induced miR-146a in regulating the production of these cytokines/chemokines. As expected, IL-8 and RANTES decreased by 45-55% in the miR-146a-mimic transfected A549 cells, while they increased by 28-40% in the miR-146a inhibitortransfected cells 24 h after challenge with IL-1β ( fig. 5 g,  h) . Taken together, these results clearly show that IL-1β-mediated miR-146a plays an essential role in providing tolerance and cross-tolerance through affecting potential adaptor kinases that can prevent physiological damage from excessive inflammation.
Discussion
Hyporesponsiveness to LPS challenge, often known as LPS tolerance, is a well-controlled active response, which is orchestrated in order to prevent excessive inflammation [27] . Other TLR ligands such as PGN, Pam and flagellin also show homologous and heterologous (or cross-) tolerance in a similar fashion [13, 14] . These microbial components induce host innate immunity and the production of various cytokine genes, including chemokines, interferons and interleukins. Cytokines bind and trigger their respective receptors to promote the inflammatory response. Similar to in TLR signaling, an overactivation of cytokine-induced signaling needs to be controlled. In this study, IL-1β-induced tolerance is reported, with the aim of understanding its underlying mechanism and broader role in the immune system and biology of cytokine production.
Various regulatory genes, including miRNA, are known to play an important role in immunity [15, 17] . Recently, the kinetics of various TLR ligand-induced miRNAs, including miR-146a, have been extensively investigated in our laboratory [11, 12, 14] . In this report, among the various cytokines examined, only the monocytes treated with IL-1β or TNF-α showed a rapid and continuous expression of mature miR-146a. In contrast, miR-132, miR-155 and miR-16 did not show any change in expression in response to IL-1β. As in our LPS stimulation study [11] , IL-1β also shows a persistent increase of miR-146a over time. The fact that other innate responseassociated miRNAs do not show such kinetics indicates that the miRNA expression is cytokine-specific to some degree. For example, it has been found that IFN-β induces apparently exclusive miR-155 expression in primary murine macrophages [23] . Although miRNAs have been categorized as 'rheostats' that make fine-scale adjustments to protein output [39, 40] , this strong response of miR-146a is more consistent with it playing a dominant role [35] .
Microbial components are the potent stimulators of immune response mediators that are controlled by various mechanisms. TLR ligand-induced tolerance has been studied extensively, but cytokine-induced tolerance has received less attention. The ability of IL-1β to induce cross-tolerance shown in this study is congruent with the 438 previous study [27] . A rapid cytokine response needs to be controlled to avoid tissue damage. Consistent with this notion, IL-1β-primed cells show hyporesponsiveness to a range of innate immune ligands and its own action that can prevent damaging effects from overactivation of the MyD88 signaling cascade. Unlike IL-1β, TNF-α showed tolerance only to itself (data not shown); this has been described previously in a similar report [25] . As cytokineinduced tolerance has a positive impact on many immunoregulatory genes, it is crucial to elucidate the mechanism responsible for this interaction. It would not be surprising to discover that more than one negative feedback loop controls this inflammation. While IRAK1/4 is required for IL-1β production, IRAKM is thought to exert a negative effect on IL-1β production. In another study, IL-1β tolerance was observed in response to TLR4 downregulation [27] . However, IL-1β tolerance is complex, and our findings show that miR-146a upregulation can affect the TLR/IL-1R pathway in the IL-1β-primed monocytes (summarized in fig. 6 ). TLR and IL-1R signaling activate the MyD88-dependent pathway with the formation of the myddosome, involving the helical assembly of the MyD88-IRAK4-IRAK2/IRAK1 complex [41] . This eventually leads to the activation of TRAF6, NF-κB signaling and inflammatory gene transcription with the production of many cytokines and chemokines, including IL-1β. TLR/IL-1R signaling leads to the activation of NF-κB, which is known to activate miR-146a production [22] . TLR2 and TLR5 ligands also activate transcription factor CREB and miR-132/-212 production [12] . miR-132/-212 targets IRAK4 [12] whereas miR-146a targets IRAK2/1 and TRAF6 [11] . IRAK4 and IRAK2/1 are critical components of the myddosome, which is in turn critical for the activation of the MyD88-dependent pathway. Thus, IL-1 signaling leads to high levels of miR-146a and blocks TLR signaling, resulting in cross-tolerance to these ligands.
Priming conditions (time and dose) are important factors in rendering innate immune cell tolerance to TLR ligands and cytokines. Compared to LPS, IL-1β requires more priming time to induce tolerance in the same cells [27] . LPS works faster than secreted cytokines. Although the exact reasons underlying these differences are not clear, an LPS concentration of as little as 10 ng/ml is able to induce tolerance whereas IL-1β is unable to induce a similar effect at such a low concentration. Therefore, we used a higher concentration of priming dose ( ≥ 50 ng/ml) in order to observe the tolerance status. LPS appears to be a more potent activator of the TLR/IL-1R pathway than IL-1β. For example, LPS was shown to be approximately 1,000 times more potent than concanavalin A (Con A) at inducing IL-1β in human monocytes [42] . It could also be attributed to the higher pleiotropic effects of LPS compared with IL-1β. In any case, an increase of the priming dose of IL-1β is positively correlated to miR-146a expression and negatively correlated to chemokine and adaptor molecule expression.
In addition to in innate immune cells, miR-146a expression has been investigated in various other cell types to determine whether there is any such expression either at basal level or due to certain stimuli. Perry et al. [38] reported an IL-1β-induced downregulated release of IL-8 and RANTES in A549 cells by miR-146a overexpression. Accordingly, A549 cells displayed robust expression of miR-146a even at a very low dose (0.01 ng/ml) of IL-1β stimulation, and this correlated with a significant downregulation of chemokine production. In another study, IL-1β treatment increased the expression of miR-146a and vascular endothelial growth fac- miR-146a Mediates IL-1-Induced Tolerance tor and decreased Smad4 expression in chondrocytes [43] . Thus, IL-1β-responsive miR-146a is potentially expressed in many different cell types, supporting its diverse functions. It is acknowledged that further work is needed to address whether the function of miR-146a is conserved in other cell types and disease states. There are many recent publications on the role of miR-146a and readers are referred to recent reviews for its role in neuroprotection [44] , normal and malignant hematopoietic cell function [45] and cancer and immunity [46] . The control of IL-1 expression is a critical component of the immune system. IL-1 is an activator of dendritic cells and is involved in the pathogenesis of many diseases with an inflammatory component [47] . Chronic inflammation or expression of these cytokines and receptors at low levels over long periods of time is thought to promote various pathological conditions including autoimmune diseases [48] . Along these lines, it is foreseen that IL-1β-induced miR-146a may have direct or indirect effects on these diseases processes. In one of our previous reports, miR-146a expression was found to be associated with proinflammatory experimental periodontal diseases, that may have implications for diseases [49] caused by pathogenic oral bacteria. In other studies, IL-1β induces matrix metalloproteinase-9 in RAW264.7 and A549 cells [50, 51] , and this matrix metalloproteinase-9 clearly plays an important role in periodontal diseases. In this regard, it is interesting to speculate that IL-1β-induced tolerance and associated miR-146a expression may have positive effects on periodontal diseases via the adjustment of IL-1β production.
The complete function of miR-146a is not known. Previously, IL-10 [52] , TGF-β [52] , IL-13 [53] and IL-1α [54] were shown to be involved in the mechanism of refractoriness to LPS. There is no report that these cytokines are able to induce miR-146a expression. However, these are produced by the activation of NF-κB transcription, so there may be a potential role for miR-146a in these refractory processes.
In summary, the series of evidence reported in this study substantiates the role of miR-146a in IL-1β-induced tolerance to TLR ligand challenge. More importantly, miR-146a operates as a negative regulatory feedback mechanism to prevent the destructive consequences of uncontrolled cytokine or chemokine production during the signaling cascade of IL-1β and TLR. Given that the miR-146a response by IL-1β was observed in primary mouse macrophages as well as in human monocytes, it can be argued that it has been demonstrated that miR-146a plays an important physiological role in the regulation of IL-1β signaling. Further investigation of the modulation of the level of miR146a may be critical, in that adjusting miR-146a levels to boost or control TLR activation and cytokine production may be useful tools in therapeutic strategies in the future.
